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Metellurgical examination, including fracture tests for
steel soundness, hardness traverse, Jominy hardenalbillty test,
ohemicnl analyses, V-notch Charpy impact tests, "acroscopic
and microscopic examination, was made on four plates tested
at the Ordnance Research Caenter on a program for the develop-
mnt of 4" and 5" thick armor plate,, Two p'lates, 140 and 5*
thick, were submittel by the Carnegie-,llinois Steel Corp.
whereas one h thick plate was submitted by the ray7 Armor
Plate Plant and one plate of the same thickness was submitted

-*- by the Great Lakes Steel Corp, All plates were of satisfactory
steel soundness.

The hardenability of the Carnegie-Illinois compositiors
was adequate for the 4..5' thick plate involved but the harden-
ability of the Gary Armar Plate Plant and the Great Lakes Steel
plates was inadequate for the maufacture of satisfactory 40 thick

• plate. The hardness of the plates Investigated was uniform across
the sections.

1 . As requested by the Ordnance Research Center, Aberdeenl,
metallurgical examination has been completed on four (14) samples cf
homogeneous rolled armor plate varying in thickness from 14.1 as
described belowt
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plate was acceptnbl,% itnier 'pre, *.nt! inr AXSW., Ri I'i1 bi2-t fsiled
to meet tho requirements ,f Sp ctrintion AXS-i49, Revision 2 since it

gave an excessive exit diameter kwithout spalling) on the 90 mm. A,P M77

projectile-through-plate test - APG Report No. A12564.

plate had good ballistic prop(erties under the impacts of 75 mm. M7. Ao.
and 90 mm. M77 A.?. projectile* at normal obliquity - AIP Report No, A12393.

. M~a N9 'olahIC~ e -~ j tg. ThisCo I _ eNg.C - 4' thick Gerngie-I,,llinole l t.Ti

plate had good ballistic propertie' und.r the impacts ,f 75 mm. M72 A.P,
Pend 90 mm. M77 A. projectiles at normil obliquity - APG Relport No.
A12353.

do Sampile No. D - 1;# thick Great Lakes plale. This plate
wag tested under Specificatiou AXS- S8, Revision I and A S-4 S9 Revision 2,
The plate at 207 Brinell hardness gave excecn.ve exits (without back
spallinF-) under the 90 mm. A.?. M77 projectile-throuigh-plate test - APG
Report No. AL2563.

2. Metallurgical examination consisted of the f,llowing tests.

, a C nIcal marlysee.

b, Fracturo tests 7 cr steel so',ndneqs,

.j,'m ny vrdennbil±ty tt.-tw,

",d. r.ar,'mess trave3rse.

A, V-nitch Chiar oy Imnact tests.

. 'M( ~crocopic examination.

' "i'[ + P.) cr'.,rc nf" C samin -ti on,

3, The rt-sil'tc -f the noove tests in deteil ere ,rce--e,t.P,1 below:

*A. C'lenml cpal A~ly -

The chemical analvses are reported in Table 1.
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The Gary Armor plate No. A nnd the Great LA.kes platp No. D

, are low alloy type steels treated with boron whAreas the 5" and 4" thick

*[ Carnegie-Illinois plates No. B and C are high alloy plates which were

not treated with the element boron, The amount of boron in the plate

manufactnred by the Great Lakes Steel Corporation i slightly excessive

for best results from the point of vi.w of touhnese of the steel.

b. Fracture Tt for Steel Somidn s.

Fracture test samples, approximately S5 leng and 4-9" wide,

were cut from the transverse direction of the plates. nlck!d perpen-

* dicularly to the longitudinal axis to such a depth as to leave a solid

section 1" In width and broken slowly under a press. This additional

notching, which was necessary due to inadequate lengths of the samplps,

.provided additional stress concentrations, thereby promoting greater
-" tendencies to form crystallinity in the samples tending to produce

brittle fractur.s.

The steel quality of samples A, B and G was satisfactory,

in fact. these samples haA a "B" rating as specified In Specification
AXS-h. , Revision 2. Sample No. D exhibited a crystalline fracture
and, therefore, the steel quality could not be determined in this

*" particular sample.

Samples were not available for the fibre fracture test,

-'.- therefore, the fibre fracture ratings were made on the fractures for
steel soundness as followes

Plate

1.0. Manufacturer iibre Test

A Gary Armor Predoninantly fibrous, patchr's of crystallinity

B Carnepie-Illinois Fibre

C Carnegie-Illinois Fibre

D Greet Lakme Crystalline

c. Jominy Hardenability Tests,

Thp Jominy h-rdenbility curves of the four ?latee are

shown in Figulres I and 2.

Since these Jominy baro were -iven a long austenitization

treatment (identical with the manufacturer's heating cycles), it was
necessary to grind the bare to a depth of o090" In order to obtain the
true hardness readings.

The results of the end quench tests are tabulated in

'-" -Table II,
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Table II

R#jults Qf End (;ench Tests

SRlockwell C H.rdness a Df1h ofSample .... 40=1

A.
4" Gnry Armor 52.0 "49,o 480

5" Carnegie-Illinois 53.0 52,0

C
4" Carnegie-Illinois 56.5 53.0 53.0

D
4' Great Lakes 53.0 5M 45.0

The difference In the hardness levels between the end
q quenched Carnegie-Illinols samples, the Gary Armor, and the Great Lakes
Steel test bars is due to the lower carbon content of the latter two.
A survey of the Jominy curves nnd the data in Table II indicates that
the Carneo.ie-Illinots samples, Nos. B and C hpve exceljint hardenabilityo
ssentially full hardeninp is maintained at the slow Oooled end of these

Jominy bars, reference the mertensitic structure ia the series of photo-
micro-raphe attached to Figures 1 end 2. This indicatem that with respect
to auench hardenine or tr nsfrmation to the hioh temperature transformation
products of ferrite and rearlite, these analyses would be matisfactory in
thicknesses up to at least 4" to 9" upon water ouenchin-.

Although the Jominy curve of Gry Armor rInte No, A indicates
satisfactory hardenability, microscopic anelysis of the air cooled end of
the bar indicates a transformation of the austenite into nme intermediate
temperature transformation products, see Figure 1. This indicates that
the alloy content of this ple'te is such that objpctionable intermediate
temperature transformation pr)ducts would be obtained in the center of
a 4" thick plate of this cnposition. These constituents were found in the
tempered condition in the sample of the plate submitted, see Figure 6.

The Jominy aurve of the Great Lakes Steel Cor:oration plate
No. D shows a decrease in hnrd.ness from 20/16" to 40/i6. This Is
correlated with a rreater amount of intermediate temperature transformation
products at the slowly cnoled end of the Jaminy bar than foicmnd in the
Gary Armor sample. Iurtherm re. a microscopic study of this bar shows
the presence of some carbide at the quenched end. and .l,' at 2O/16".

* . STRJCTED

'W V V , - V 4



74 . X"F W- - - - - - - - - - - - - - b <, : i

The results of this test InJIcatts that the Great Lake.s compnetion

has Indequate hardenability fr tIle manufscture of 4" tniek plate.
It should be noted thAt a lareo aimount of temrrred internediate

traneformation products were evident in the sample of the Groat Lakes

plate, see FIgure 6.

."d, Brinell Har&ns Survey.

The remults of the hsrdn-,ns surveys mAde on cross sections

of the sanples are summarIxed in TAble III. T e series of individual
hardness readings are given In table IA in Appendix A.

Table III

-of rjn4ll 4grdners Nirvet

Avera',e Brinell Hardness Values Reported
Series Series Series by

" Plate No, 2 _ __Mf_&r_-

A - 4" Gary Armor 256 255 255 255/269

B - 5* CArnegie-IllinolI 243 241 243

0 - 4 Carnegle-Illinois 229 229 230

D - 41 Great Lakes 207 207 209 229/241

As noted in the above table, the hardness values are
uniform on the cross sections of each individual plate.

The hardness of the Gar. Aimor plate No. A as obtained in
this laboratory agrees T,-ry closely with that reported ny the manufacturer.
On the other hand, the hardnoe values reported by the Great Lakes Steel
Corporation on plate No. D were 22-34 points higher than those determined
Rt Watertown Arsenal.

No hardness readinps were reported by Carnerie-Illinnis
. Ste Corporation on plates, Nn.. B and 0.

* e* V-notch Chary Impgct Tests.

The recilts of th* V-notch Charpy Impact tests are ,iven

in Table IV.

--
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V-ntgh C0'&rpv Irflct T+st

Foot - Pounds
",, Ave.

Brinell
Plate No. +7.. *rcurs -4O o F *Fracture Hardnese

V A- 4' Gary Armor 46.9 Pc 23.4 Cd 256

_.- 5" 0arnegie-Illinots 59.3 r 58.2 7 2142

C - 4" Carnegie-Illinois 63.0 r 52.9 1 229

D- 4" Great Lakes 68.5 Vc 32.7 Cd 207

.lracture

Fc - Fibrous, mixed with spots of crystallinity

. - Fibroni
0

Cd - Dull crystalline (complete)

The considerable ohangee in impact values -A' th- 3ary Armor
Rnd Great Lakes Steel materials with a lowering of the test temperatiire
correlate with the tendency towardr brittle failures ooserved in the
fracture tests. The presence of Intermediate temperature tresmformation
rroducts upon quenchinp. Ps revealed by the Jowiny ond-quench test results
and by the microscopic examination of the heat treated Rructures. is

- undoubtedly th- cause of this undesirable behavior. On the other hand,
high impact values were retained in the nIckel-chromlum steel plat,4s at
the -4OF temnereture, eorreletin' with the fibrous fractures and the
absence of intermediate or hi,'h temperature transforation products
found upor. quenching. The Groat Lakes Steel plpte, if of satisfactory
miorostr cture, would yield cnide-abl., higher impact valuis at the
low hardnesF inwolved.

f Macrostrwt-r0

The Yncrostratuxre of the lonitudinal and transverse
sections of the plates after etahing in hot acid is shown In Figure 3.

The Gary Armor plste No. A mnd the Great Lakes plate No, D

are fairly free from segregations whereas the Carnegimo-Illinoin plates,
* Nov. .8 and C contain rome segreoations of nonmetallic inolasions.

The pattern observed in the macroetched sections of both

Carnegie-Illinois plates iadicates that these plates were finished under

a forging pries.
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5r McrositrUcluIA

Photomtcroiraphs illu~trsttnr the distributinn of the non-
metallic inclusions and elso the typical micioetructures of the plates
are presented in Figxres 14, 5, and 6

With the excertion of the 5" and h" thick Carnprie-Illinois
- plates, Nos. B and C. the rlates examlnrd were free fr:-m pronounced

segregation of nonmetallic inclusions.

A series of fine oxide-eulphiie groups of n.nrntal.1c
inclusions wee present Ir the longitudinal oection of the 4" thick
Gary Armor plate No. A while sn occasional group of alumrina inclusions
was present in the transv'rce section )f thc plate. TI-. segregation
revealed In the macrostructure cf the 5" thick Cnrnerio-Illinois ,lete
No. B cunsisted of complex oride-eulphide inclupions wherens oxiep
inclusion streake were found in the 4" thick plate "Uo. C, jeorufactured
by the same company. Considerable amounts of ecattered fire oxides
mixed with zirconii&.nitriae inclusions were yresent in te i" thick
Great Lakes plate r*o. 1.

S. 'Te microetructvre of the 4" tlick ary Arror plAte No. A
* consisted of fine tempered intermdiate mnd low temprature transformation

products and an occasional ferrite-carbide prain boundar7 a iregate. The
5" and 4" thick Carnerie-Illinnis plates, Nos. B and C hid P t icrostructure
consistinr of tempered low temperature transformation nroducts and a
trace of ferrite. Tempffed intermediate tewoerature traneformation
product;, ferrite and occasionally some sphercidined carbide, were evident
in the microstructuri of the 4" thick Great Lakes plpte K. D.

NOTE: Photomicrographic work conducted by M. Yoffa.

4. Correlations wPre o: tb)ished between the fibre characteristics,
Y-notch Charpy values and the microstructure of the plates. The low
temperature transformation products detected in the hio;h alloy
Carneile-Illinois plates B and C appear to have fairly gj:d V-notch
impact properties and yield a fibrous fracture. On the other hand, the
low alloy pltes manufactured by the Gary Armor Plate Plant and the
Great Lakes Steel Corporation h),.d poor V-notch impact prorlertie,

0. especially at suo-zero temi.eratures which were associated with crystal-- @linity in the fracture tost and intermediate temperature transformation
products.

The Carnegias-IlItojg composition had adequate hardenability
for 4-5" thick armor whereas the Gary Armor and the ' -reeh Lakes Steel
Corporation analyses contained Insufficient alloy for the necessary

-i hardenability for 4" thick plate.
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The Brinell hardness of tpe four plates was aniform across the
section and varied from plate to plate as follows. Gary Armor - 295 Brinell
Carnegie-Illinois. 5" thick- 2142 Brinell, Carnegia-llinote 4" thick.
229 Brinell and Great Lakes L" thick, 208 Brinell.

E. L RF'3D
Research Metallurrilt

APPROVEDg

N. A. MATT fHEWS
Major, Ord. Deat,
Chief, Armor Section
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*LONG! TUDi NAL RNSCO

A -GARY ARMOR PLATE 4"1 THICK

CARNEIE ILINOS 5"THIC

C- CARNEGIE ILLINOIS 4 " THICK

C D ANGEA ILAKOS -4" THICK

MACROSTRUCTURE OF 411 5" THICK ROLLED ARMOR PLATE
14 MARCH 1944 WTN.750-2280

FIGURE 3'
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"'"Three amerlem of Brinell hardness readings were m!d on the cross
Sections of the four samples at intervals of about one inch apart.

The values are reported in Table IA.

I-

plate A Plate B Plate 0 Plate D
4 T" Gary Amor 5" Carnei-llln hor4e Cprnefie-nllinois 4" Great Lakes

, Travers Te p re inerse Traverse

1 2 A- 1 2 .3 . L -I- 2 -3
255 255 255 21 235 241 235 235 235 207 207 212

255 255 255 241 21 2 1l 229 229 229 207 207 207

249 24g 249 235 735 235 223 223 223 207 207 207

262 255 255 249 24g 24g 229 229 235 207 207 207

262 262 2e2 24 2)4 249 229 229 229 207 207 R07

Ave. 256 29r 255 243 241 243 229 229 230 207 207 207

Grand Ave. 255 242 229 20"

Page I - Appendix A
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